Efficient laser shock processing of materials requires a good characterization of their dynamic response to pulsed compression, and predictive numerical models to simulate the thermomechanical processes governing this response. Due to the extremely high strain rates involved, the kinetics of these processes should be accounted for. In this paper, we present an experimental investigation of the dynamic behavior of iron under laser driven ramp loading, then we compare the results to the predictions of a constitutive model including viscoplasticity and a thermodynamically consistent description of the bcc to hcp phase transformation expected near 13 GPa. Both processes are shown to affect wave propagation and pressure decay, and the influence of the kinetics of the phase transformation on the velocity records is discussed in details.
Introduction
High power pulsed lasers offer means to subject materials to pressure loads of short duration, typically some ns to some tens of ns. A successful engineering application is laser shot peening, leading to strain hardening and compressive residual stresses that have been shown to significantly enhance metals resistance to fatigue and corrosion [1] [2] [3] . Another one is laser shock-induced permanent compaction of porous materials such as sintered steels, over a few hundreds of µm below the loaded surface [4] , to improve their mechanical properties. A third example of industrial interest is the LAser Shock Adhesion Test (LASAT), which can be used to investigate debonding at a substrate-coating interface [5, 6] . In order to optimize those processes and analyze their effects, physically based simulations are required to describe wave propagation from the loaded surface, subsequent pressure decay, plastically-affected depth, polymorphic transformations etc. In such highly dynamic regime, time dependence, viscoplasticity and kinetic effects may play crucial roles.
In this article, we use laser driven ramp loading to investigate the effects of elastic-plastic behavior and allotropic phase transition (from α, bcc to ε, hcp) on wave propagation in iron. Ramp compression is preferred to shock compression because it provides a better insight into the kinetics of the governing processes [7] [8] [9] . Besides, in all practical applications mentioned above, laser compression starts with a finite rise time, typically a few ns, before steepening into a shock wave after propagation over some distance from the irradiated surface, so that the superficial zone of interest is actually subjected to ramp compression. Figure 1 illustrates the dynamical response of polymorphic crystal material such as iron under laser ramp compression [10] . The crystal generally begins to deform elastically along the direction of wave propagation with the lattice coming back to its original configuration on unloading. Beyond some critical state of stress, the crystal defects, amplify and propagate through the lattice leading to plastic deformation, that can be caused by dislocation slip or twinning. In some cases, further compression can induce a solid-solid (polymorphic) phase transformation or melting [11] . These phenomena will usually correspond to singularities in the temporal profile of the target rear surface velocity. Thus, time-resolved measurement of these singularities and their comparison with a theoretical model prediction should give insight into the different physical process that govern the dynamic behaviour. Here attention was focused on the iron α − ε phase transformation. Iron was choosen because of its importance in civil engineering, geophysics and astrophysics. Figure 1 . Adaptation from Reference [10] of the schematic relation between the microstructural process occuring during ramp compression of crystal and the target rear surface velocity. When the material compressibility changes, due to an elastic-plastic transition or to a phase transformation, the atomic re-organization, in the compression front, modifies the dynamical response of the crystal causing a variation in the slope the measured rear surface velocity.
Experiments were performed at the Phelix laser facility (Darmstadt, Germany). Time-resolved velocity measurements are compared to the predictions of a constitutive model including rate-dependent twinning, dislocation slip, and a kinetic, thermodynamically consistent description of the phase transformation. Fair match assesses to some extent the predictive capability of the model over the explored range of pressures and strain rates.
Experiments
During the experiment, 25 µm or 50 µm thick, freestanding polycrystalline iron targets were ramp compressed by direct irradiation with a 10 ns laser pulse with energy up to 160 J at 527 nm-wavelength. Temporal laser pulse shaping was used to optimize the ramp profile using a model based on [12, 13] resulting in an exponential type laser profile. To ensure a uniform compression front, a Hybrid Phase Plate (HPP) was used to obtain a smooth flat laser profile of 1 mm-diameter, considerably larger than the sample thickness, which implies conditions of uniaxial strain during the measurement. The compression wave propagates through the target and when it reaches the rear surface, this surface expands into the vacuum. The temporal profile of the rear surface velocity was measured using two channel Velocity Interferometer System for Any Reflector (VISAR) [14] , with temporal and spatial resolutions of 100 ps and 10 µm respectively (see Figure 2 ). As will be shown next, the acceleration of this surface upon emergence of the pressure ramp lasts about 10 ns. Thereafter, complex wave interactions inside the sample may induce local tension, possible damage and further plastic deformation, but such late effects are not described in the present paper, where we focus on the dynamic response of iron to the ramp compression. The Figures 5 and 6 show the measured VISAR profiles which exhibit the common three waves structure: the elastic precursor followed by the first plastic wave (the so called P1 wave) which carries the α iron to the α − ε boundary and the P2 wave in which the body-centered cubic (bcc) structure (α phase) transforms into the high pressure hexagonal close-packed (hcp) structure (ε phase). To accurately interpret these VISAR profiles numerical simulation were performed with constitutive models including rate-dependent twinning, dislocation slip, and a kinetic description of the phase transformation.
Numerical Simulations
For each shot, a first simulation of laser-matter interaction is performed with the 1D hydrodynamic code MULTI [15] , using the measured profile of laser intensity as input boundary condition and material data from the SESAME tables. This simulation provides the amplitude and temporal shape of the pressure load induced beneath the irradiated surface. It consists of a pressure ramp of duration 8 to 10 ns, to a maximum of about 43 to 63 GPa, depending on the shots, followed by gradual unloading of a few ns duration (see Figure 3 ).
Then, this calculated ramp profile is used as boundary condition in the 1 D finite difference, Lagrangian hydro code SHYLAC [16, 17] to simulate the dynamic response of iron, including the kinetics of the phase transition. The iron sample is discretized into cells of same mass, as recommended in Reference [18] , of initial thickness about 0.01 µm. The equations of conservation of mass, momentum and energy are combined with the material equations of state and constitutive law described next. As in most computations of dynamic processes, an explicit time integration scheme is used [19] , and time step is controlled through the classical Courant condition. A Von Neumann artificial viscosity is used to deal with shock formation [20] . As will be shown next, these general parameters and methods are well suited to reproduce the very sharp velocity gradients and short rise times involved in our experiments. 
Elastic-Plastic Model
We use an elastic-plastic model fully described in [21] . It includes a macroscopic description of both dislocation slip and deformation twinning. The longitudinal component of stress σ is obtained from the shear stress τ and the pressure P according to the relationship
A common form is used for rate-dependent plastic flow in conditions of 1 D strain such aṡ
where µ is the shear modulus, is the longitudinal component of total strain, γ is the plastic shear strain, and a dot above a variable means a derivation with respect to time. Macroscopic plastic flow is attributed to both dislocation slip and twin formation,
where γ D is due to dislocation motion, and γ T is due to twinning. Time-dependent description of twin growth [22] accounts for viscoplastic behaviour while a perfectly plastic formulation is used for slip.
α − ε Kinetics Model
To account for the kinetics of the iron α − ε, each cell is considered as a mixture of α and ε phases (subscripts 1 and 2, respectively). X is defined as the mass fraction of the ε phase (0 < X < 1). The specific volume V and specific internal energy E of the mixture are expressed in terms of the specific volumes V 1 , V 2 and specific internal energies E1, E2 of the pure-phase constituents:
As in most work on phase transformation, pressure and thermal equilibrium is assumed between the two phases:
with the details of the equation of state for each pure phase described in the References [16, 17] . The time evolution of the epsilon mass fraction X is governed by a kinetics law derived from the classical concept of nucleation and growth of phase [23] [24] [25] 
with θ, a characteristic time known as the transition completion time (more details can be found in the Reference [7] ).
Elastic-Plastic Transition
The elastic-plastic properties of metals play a crucial role in all the engineering applications mentioned in the introduction. In particular, they largely condition pressure decay with propagation distance. Finally, it is thought that they may have observable influences on the solid-solid phase transition dynamics [9] . The Figure 4 shows a comparison between the experiment (blue curve) and simulations with (black curve) and without (green curve) material strength model for a target of 50 µm thickness at a loading rate of 3.11 × 10 7 s −1 . This loading rate was inferred at each shot from the volume profile V(t) computed just beneath the ramp-loaded surface, as a mean strain ratė = 1 V 0 dV dt with V 0 the initial specific volume. The values of the material parameters are those of the reference [21] . The hydrostatic simulation overestimates the maximum free surface velocity and starts with an abrupt acceleration due to the absence of the elastic precursor. The overall agreement is significantly better when using the full elasto-plastic model, which predicts an elastic precursor of amplitude about 100 m/s. The velocity bump at about 1 km/s, due to the phase transition, is roughly the same with both descriptions, in correct agreement with the measurement. An identic completion time of 4 ns has been used in both calculations. However, our model handles separately the elastic-plastic and the α − ε transition. A stronger effect on this velocity bump would probably be expected with a more sophisticated model coupling elasticity and phase transformation. However, the example shows, that including material strength not only improves the reproduction of the simulation in the vicinity of the elastic limit but also at the final pressure.
α − ε Transition Kinetics
The kinetics model presented in Section 3.2 and Reference [7] allows us to estimate the transition completion time for given experimental conditions by comparing the experimental measured velocity profile to a simulated one where the corresponding measured laser pulse is used as boundary condition. In order to study the variations of this θ parameter we have varied independently loading rate and target thickness. For the thinner target (25 µm), the θ value was found to remain constant, equal to 3 ns, when the loading rate was increased by a factor 5 (see Figure 5 ). However, for the thicker target (50 µm), a variation of θ depending on the loading rate was observed (see Figure 6 ). Indeed, it was observed to vary from 4 ns for loading rate around 3.1 × 10 7 s −1 to 3.25 ns for loading rate around 2.5 × 10 7 s −1 . 
Discussions
In the context of nucleation and growth, the phase transformation kinetics is based on the nucleation, at a given rate R, of nuclei of the daughter phase with critical size from germ nuclei which already exist in the parent phase and their subsequent expansion, due to a gain in free energy, at the velocity u. The germ nuclei may consist of defects of any type like grain boundary, impurity, point defects, etc. The completion time is thus assumed to be an intrinsic characteristic of the sample given by θ = (Ru 3 ) −1/4 (9) in the case of homogeneous nucleation [7] . Where the nucleation rate is given by
with A, a constant; E a , the activation energy and ∆G c , the energy need to form a stable nuclei with critical size which, in first approximation, is function of the interface energy between the parent and daughter phases, σ, and the thermodynamic driving force ∆G = ∆G ε − G α . Figure 4 shows that it is necessary to take into account the plastic model in order to correctly simulate the rear surface velocity profile. However, no significant difference was found in the phase transition completion time between simulations assuming hydrodynamic or elasto-plastic behaviour. This suggests that the direct contribution of the shear strength on the transition kinetics is rather small or negligible in consistence with previous observations under shock compression where no influence of the shear strength on the α − ε phase transition was found [26] .
However, martensitic phase transition can be considered as a deformation mechanism competing with slip and twinning [27] . Furthermore, some works (both numerical simulations [28, 29] andexperiment under static compression [30] ) suggest that shear stresses have a significant effect on the α − ε iron phase transformation. Thus, the fact the transition completion time was the same in both simulations (pure hydrodynamic simulation or with the material strength model) may be interpreted as a limitation of our model, which handles separately the elastic-plastic and the α − ε transitions. A model that couples both transitions is required. As twins are thought to be the favorite sites for the hcp nucleation during the α − ε phase transition [31] , we speculate a dependency of the transition kinetics on the plastic model via the fraction of the twinned material (see point ii) in the following text).
Constant completion time of 3 ns was found for the 25 µm iron target when the loading rate was varied from 0.57 to 2.96 × 10 7 s −1 (see Figure 7 ). This is consistent with what was previously reported where an unique completion time was found for 9.5 µm target when the rate was varied from 3.2 to 8.6 × 10 7 s −1 [7] . This confirms the existence of an isokinetics regime, for thin target, where the transition kinetics is independent of the deformation rate. In this regime, for a given target thickness, the temporal evolution of the fraction of the ε-phase follows an identical sigmoid form for any loading rate. Contrary, a loading rate dependent completion time was found for the target of 50 µm (See Figure 7) . This observation is similar to what was reported under shock compression for target of millimiter thickness where the transition characteristic time was found to depend on peak pressure [32] [33] [34] . In this article, the iron α − ε phase transition completion time was found to vary depending on the sample thickness. Indeed, it increases from 1 ns in 9.5 µm samples [7] to 3 ns in 25 µm samples, and up to 4 ns in 50 µm samples. This confirms the fact that in the studies of phase transition kinetics, the sample thickness is an important variable [26, 31, 32] . These variations and the change from isokinetics regime where θ is independent of the loading rate (for thin target) to a regime where θ depends on this rate (for thick target) are the result of a complex interplay of various process with the most important being: (i) The target initial defects density. A thin sample is generally thought to contain higher defects density than thick sample [35, 36] . Thus the nucleation rate R might be lower for thick target leading to greater θ; (ii) The creation and propagation of twins during the compression. In iron twinning is found to be the dominant plastic yielding process under fast compression [22] and twins are thought to be the favorite sites for the hcp nucleation during the α − ε phase transition [31] . If this assertion is true, a decrease of twinning density with the wave propagation distance [21] will lead to the same conclusion as in point (i); (iii) A third possible explanation is the wave relaxation during its propagation through the target. Indeed, near the compression surface, the phase transition wave is highly off-equilibrium with a great absolute value of |∆G|. As the wave propagates through the target its relaxes toward equilibrium with a decrease in |∆G|. Thus, the energy needed to form stable critical nuclei increases with the propagation distance (see Equation (11)). Consequently, the nucleation rate is smaller far from the compression surface conducting to a large completion time for thick target; (iv) The variation of the nuclei activation energy. The iron α − ε phase transformation is a martensite phase transition. In such kind of phase transition the activation energy is found to decrease lineary with the magnitude of thermodynamic drive force [37] . This allows to compensate the energy needed to form stable critical nuclei, when this energy is in the order of the interface energy, leading to an isokinetics regime. Determining the contribution of each process is currently studied and beyond the scope of this article.
Conclusions
In conclusion, the dynamic behaviour of polycrystalline iron samples was investigated under laser-driven ramp compression for loading rates ranging from 0.56 to 3.1 × 10 7 s −1 . The sample deformation and mechanical properties were diagnosed with a time-resolved VISAR system where elastic-plastic and the structural α − ε transitions were observed in the temporal profiles of the target rear surface velocity. The elastic-plastic behaviour was modeled with a constitutive law including rate-dependent twinning and dislocation slip. The model reproduces quite well the experimental observations. The kinetics of α − ε structural phase transition was interpreted in the framework of phase nucleation and growth. Over the investigated loading rate regime, the structural α − ε transition was found to match an isokinetic regime for thin target (<50 µm) with the kinetics independent of the loading rate while a different behaviour was observed for thicker target (50 µm). More experiments are needed, over a wider range of sample thickness and loading rate, to complement the data, hopefully comfort the model validity, and consolidate some of the interpretations proposed in this paper.
